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ARSTRACT

The goal of the sensory system is to supply sufficient information
to the robot control system, which actually moves the robot. to
accomplish a desired task. The sensory system constantly updates a
mocel of the 3-D workspace to reflect reality. This model is
decouplec from the sensory processing so that the «control eystemn
can be given responses without having to wait for sensory process-
ing. A real-time world model is presented which incorporates both
CAD descriptions of known parts and information about each specific
object in the workspace. 1In order to enhance its speed. the 3-D
worléd mocGel supports several representations. The worlc mnodel
precdicts the 3-D features for the objects in the workspace of the
robot which are used by other modules in the sensory system.

KEWIORDS: automated manufacturing. knowledge bases. part represen-
tation, real-time ©processing. sensory and vision systems. solid
nocdelling.
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Commercial equirment is identified in this paper in order to ade-
cquetely describe the systems that were developed. 1In no case does
such identification imply recommendation by the lational Bureau of
Standards. nor <coes it imply that this equipment was necessarily
the best evailable for the purpose. This paper was preparec¢ in
conjunction with the wofficial duties of United States Governnent
employees. and is not subject to United States copyright.



1. IRTRODUCTIQON

The goal of the robot sensory csystem is to provide the robot con-
trcl system with the information required to perform a task. The
real-time robot control system and the methodology for programning
are described in (Barbera et al.. 1984). OQuestions of concern to
the robot control system include the 1location of desired partes.
existence of freespace for trajectory planning. range from the
desired part, etc. The robot control system should experience as
little delay as possible from the sensory system if the robot is to
operate in real-time. The way in which information is represented
can have a large impact on the ultimate efficiency and speed of the
system. This paper discusses some of the compromises involved in
the design of a 3-D database which describes objects within the
robot 's workspace. The sensory system is multi-modal in nature; it
accepts data from image sensors. proximity sensors. touch sensors,
etc. Although most of the examples given in this paper involve
images, any other sensor data could have been used.

The sensory system, which is hierarchical in nature, is divided
into two parts: the lower vision levels and the upper vision lev-
els. The lower vision levels are responsible for <c¢athering and
pre-processing data from the sensors. MNuch of this processing is
generic in nature., i.e.. it is independent of the image data. For
exanple, run-length encoding and connected components analycis are
performed on all images. The details of some of the 1lower level
vision modules are described in (Kent. 19£2).

The processing in the upper 1levels of the the sensory system.
described by (Shneier et al., 1984a), is a function of the current
goals of the system. The sensory system is continually ¢trying to
servo a world model to reality. While the robot moves. sensor cdata
are used to update the world model to reflect the true nature of
the robot workspace. A 3-D model database is used to create pred-
ictions of features which should be detected. Predictions are
matched with sensor data and the pose of each object in space can
be modified to reflect reality.

The basic problem addressed by this paper is one of representation.
7That 1is the best way to represent the object models in the 3-D
databese for use with the sensory system? There are severeal
representation schemes available for solids. Each method hes
advartages and disadvantages. This paper develops the I'BS sensory
system 3-D model requirements. explores the choices for object
representation. and presents the representation adopted for the
sensory system.

The next section describes the different ways in which solids a&are
represented. This is followed by & discussion of the operation of
the sernsory system. Finally. the representation adopted fcr the
sensory csystem ic presented and is compared with other schemes.



2. REPRESENTING SOLIDS

liany areas of science and technology (including architecture. com~
puter graphics, design of metal parts, etc.) are employing tech-
niques where solids must be represented in a computer. This is
shown by the number of systems available for so0lid modeling
(Requicha et al., 1983. Bzer et al.. 1979. Myers, 1982). Unfor-
tunately, the best representation depends on the intended applica-
tion. Many factors influence the choice of the representation.
The representation itself should be complete., concise, and unambi-
guous. However, using the representation should be fast and easy.

2.1. PROPERTIES OF REPRESENTATIONS

All of the methods for solid representation c¢an be discusseé in
terms of several properties (Requicha, 198€). Validity is con-
cerned with the creation of a reprecsentation which corresponds to a
real solid and not a nonsense object (Waltz, 1975). Completeness
reguires that each representation correspond to only one object.
Dniguepess expects one and only one representation for each object.
Conciseness refers to the memory requirements for =storing the
representation. Efficacy implies how the representations are used.
They are sources of data for other algorithms. Some representa-
tions store date in a more usable form than other representations
for a given algorithn.

These properties cannot be optimized simultaneously. For exanple:;
a reprecsentation which is concise may not satisfy the unigueness
property or the efficacy property. This is not cause for alarm.
It 1is reason for selecting the representation most appropriate for
the expected algorithm.

2.2. SOLID REPRESENTATION METHODS

There are several representation schemes for solids: Pure primitive
instancing. spatial occupancy gnnmgratign, constructive solid
geometry. angd boundary representation.

In pure primitive instancing. the basic assumption 1is that parts
fall into families which differ only in a small number of parame-
ters. For example; a block may be specified completely by 1length.
width. and height. This method is concise and easy to use but the
dormain over which parts can be createcd is relatively small. Conse-
guently, it 1is rarely used &s the only representation but as a
feature within another representation such as in PADL-2 (Brown:
1982).

Spatial occupancy enumcration is a scheme where the list of volumes
occupied by an object are listed. This method can be quite verbose
unless & hierarchical coding scheme such as an octree, a recular
decomposition of a cube into subcubes. is used. In spite of the
fact that the representetion is unique and valid. it is relatively



incompatible with most algorithms because it is difficult to
extract useful information from the representation in a reasonable
tire. It 1is quite useful to have an indication of the volumes
taken up in the workspace. The INES sensory cystem uses a coarse
octree as an indication of spatial occupancy rather than as an
accurate model.

Constructive solid geometry (CSG) is a popular representation which
is used in several extant systems. e.g. PADL-2 (Brown, 19€82). GIi-
SOLID (Boyse and Gilchrist, 1982), and Synthavision (Goldstein and
Malin. 1979). In CSG, solids are represented as combinaztions of
primitive solids or "building blocks" using the Boolean operations
of union, intersection, complement, difference, etc. This results
in a concise, unambiguous, complete representation. Furthermore.
valid objet representations are quaranteed. Although the CSG
representation appears to be excellent for creating objects. it
seems less suited to any algorithms which need Gata in a different
form. Such algorithms include display routines, where projection
is a key operation. Unfortunately, the higher vision levels
predict the projected location of a feature and attempt to match it
with the feature extracted from the empirical data. Since the CSG
representation is complete, it is clearly possible to calculate the
required projection. However, such calculations are time-
consuming.

A boundary representation views a solid in a hierarchical manner.
The so0lid is composecd of a set of surfaces. Each surface is built
from a list of bounding edges. Finally. each edge 1is representecd
by bounding vertices. For relatively complex objects. the
representation can become rather long. The size of the representa-
tion is often exacerbated by the intentional storage of redundant
information. Also, it is possible to create nonsense objects with
dangling edges or faces. With all of these problems, it is reason-
able to ask why this representation is so popular.

For a real-time system, the time delay incurred in using the
representation is more important than the size of the representa-
tion. This is especially true as the cost of memorv continues to
decrease. As a result, redundant information is intentionzlly
incorporated into the model in order to minimize run-time calcula-
tions.

The validity of the representation is an important consideration
but cdoes not need to be dealt with in real-time. Computationzslly
erxpensive validity checking algorithms can be run on the represen-
tation once off-line. The wvalidity does not need to be checked
each time the representation is used.

The major advantage of this representation is that the data can be
orcanized around the features of the object. These features can
extend the minimal vertex. edge, surface information to includec the
needs of the algorithms. Ecdge length, surface normal vector. and
parametric equations describing curves and surfaces can be



incorporated directly into the representation. This results in a
Gatabzse where algorithms can operate in real-time.

3. SENSORY SYSTE!' ARCEITECTURE

Figure 1 shows the architecture for the sensory system. Informe-
tion about the task arrives from the factory. This includes CAD
descriptions of each object and an expected location of each object
in the workspace of the robot. This information is stored in the
3-D world model, which is called world model-~-II (WM-II). The world
mocel determines a 1list of features which best differentiate the
expected parts. The expected values of these features are calcu-
lated and stored for each object in the workspace. After this ini-
tialization step, all processes must run as rapidly as possible.

The 3-D world model stores the current best guess about the posi-
tion of objects in the robot's workspace. Since other modules in
the system require different types of information from this data-
base, the way in which information is represented can have a signi-
ficent impact on system speed.

All processing performed by the sensory system during a task is
centered about keeping the world model in registration with the
worlé. As the robot and sensors move about in the workspace,
information is updzted in the model to reflect reality. This servo
loop is now described in more deteil.

The supervisor, which transcends all levels of the sensory hierar-
chy determines how to use the resources of the sensory system to
update the world model. This includes deciding the types of sen-
sors to use, choosing the operating parameters of the sensors. etc.
In the case of vision, it initiates the commands to the 1low-level
mocules to take and to process an image. The supervisor must be
avare of the global goals of the «control system to be able to
predict where the robot will be at some future time.

The 3-D world model predicts the state of the workspace at cone
future time. Given an expected position and orientation of the
camerz by the supervisor, a perspective projection of the features
of each object within the camera's fielcd of view can be calculated.
The major problem is occlusion. Some of the features of an object
meéy be occluded by itself or by some other object. This is par-
tially resolved using aspect graphs (Koenderink et al., 1979).

The 2-D world model (¥WIi-I) now uses the exzpected 1locatiorn of the
features in the imace plane and the confidence about the workspace
contents to calculate windows within which each feature is
expected. Figure 1 shows that the lower levels of the sensory sys-
ten have two paths: the vision path and the other sensors path.
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The other sensors include proximity, force/torague, etc. At
present. they reguire only one level of processing. The wvision
path. on the other hand, reguires several hierarchically orcanized
levels. First stage vision (FSV) controls the camera hardware and
maintains synchronization between the camera and the flash units.
Second stage vision 2 (SSVA) performs a connected conponents
analysis on the image.

The next level, second stage vision B (SSVB), extracts features.
This 1is the first level that is model driven. Windows, which are
calculated by Wl-I, are passed to SSVB. It is within these windows
that SSVB searches for the expected features.

The features detected by SSVB are matched with those predicted by
WE-I in the first multi-level database (MLD-I), which deals only
with 2-D data. The information from vision as well as from the
other sensore 1is combined to form a coherent representation. The
matched predictions ancé empirical data are then sent to MLD-II, the
3~D multilevel database.

MLD-II is responsible for 3-D feature matching. Given the expecta-
tion from WH-II, MLD-II assigns the third dimension to the empiri-
cal data passed from ILD-I. From the matches, MLD-II calculeates
the ©pose error for each part viewed. The pose updates are sent to
the 3-D world model to reflect the truve state of the workspace. 1In
this way, the servo loop is closed. VI-II now has better informa-
tion with which future predictions can be mace.

Occasionally, there may be unmatched features. This situation can
occur if an object is truvly unknown (e.g. wrench dropped in
workspace), if the actual object location is significantly dif-
ferent than its prediction, or if the extraction algorithms errone-
ously detect or miss features. In these cases, the data is passed
to the recognition module which attempts to match the empirical
data with each of the known object models. This procedure takes
longer than the normal object verification mode. It is hoped that
the recognition mocdule shoulé be reguired infreguently. VThen the
recognition module is successful, the 3-D world model is informed
of the object identity and is used in subsequent predictions. For
the case of &a truly unknown object, the recognition module will
never be able to assign a model. However, the object description
from the empirical sensor data is sufficient to move the object.

In parallel with the matching operations used for naminc objects, a
separate process attempts to describe the environment in termc of
the space that is occupied. This is done using an octree represen-
tation to decompose the volume of the work area (Hong et 2al..
1984). Each camera image is projected into the octrec. The
objects are intersected with objects already revwresented., while the
bzckground is projected to carve out volumes krown to be enpty.
There are links between the spatial representation and a feature-
baced representation. They allow object names and attriburtes to be
ascsociated with regions in space.



The operation of the sensory system is described in greater detail
in (Shneier et al., 19842) while the workspace representation is
described in (Shneier et al., 1984b). 1In the implementation of the
sensory system, each of the mrodules in the architecture is a
microprocessor which operates asynchronously. Since the crucial
parameter of the sensory system is time, the organization of the
3-D world model must support all of the modules expecting data ac
rapidly as possible. The next section describes the model itself
in detail.

4. 3-D UORLD MODEL

The description of the 3-D world model is divided into three parts.
First, the philosophy of the representation is presented. This is
followed by a description of the information stored in the
representation. Finally, a description of the processing and imple-
mentation of the module is provided.

4.1. REPRESENTATIOL PHILOSQPHY
4.1.1. GEFERIC OBJECT ys INSTAICES

A generic object is defined as the descripticn of &an object in
object space. An instapnce:. on the other hand, provides information
unique to a specific part in the world. The reason for this diec-
tinction is memory space. The description of the object is rela-
tively long while the instance need only have a pointer to the gen-
eric object description (CAD description) and some information con-
cerning its precise location and orientation in the world. Conse-
guently, each instance has a homogeneous matrix that transforms a
part location from the standard orientatiocn called "object" space
into a position in the real world.

Every object must have a description in the model &t all tires.
There may be several intermecdiate stages in the machining of &
part. Each is considerecd to be a different part and must be given
& description from the external datezbase. This shoulc not be too
inconvenient since the system must know precisely how it intends to
process the part.

4.1.2. IULTIPLE REPRESENTATIOIS

One of the features of the generic object description 1is that it
supports multiple representations. The main representation form is
2 boundery representation. Surfaces are built from edges which are
in turn constructed from vertices. However, other representations
are also supportecd to facilitate processing.



The first "extra" representation is a geometric representation.
For many eimple shapes, this is the representation of preference.
For example, any quadric surface can be represented with a point,
two vectors, and three scalars (Goldman, 1983). This is quite com-
pact end it easy to use. Similarly, for conic sections, the curves
can be represented by a point, two vectors, and two scalars. This
representation is especially useful in matching. The parameters of
the representation make geometric sense; the user can easily
conprehend the meaninc of the parameters.

For more complex shapes, the ageometric representation method
becomes cumbersome because many quadric patches would be reguired
for adequate representation. Conseguently, a parametric represen-
tation shoulé also be provided. Rational bicubic b-splines have
been chosen because they seem to offer a reasonable compromise
between representational accuracy anc size.

In orcder to accelerate the projection of the CAD description into
the octree, the 3-D worlcd model also storcs an octree representa-
tion in "object"” space. This is transformed to the real worlé by
the pose matrix of the instance and projected into the octree dur-
ing initialization.

4.2. IEE SENSORY SYSTElM WORLD MODEL REPRESENTATION

There are two parts to the object representation. The first is
concerned with the description of generic objects. This informa-
tion is in "object" coordinates and never chances. The second form
represents information unigue to a particular instance of 2 generic
part. The information for the instances of any object can chance
at any time since the pose is updated constantly. 1In all cases,
the representations are dynamically allocated in memory to ensure
efficient memory use. Otherwise, the worst case size of an object
representation must be used for all objects.

4.2.1. GERERIC PART DESCRIPTIONS IN THE SENSORY SYSTE]!

The object representation shown in Table I is the highest hierarch-
ical 1level in the boundary representation. It stores the generic
part number which differentiates one object £from all others.
Furthermore, it contains the previous and the next identity of the
object, i.e., the generic number of the part before the «current
machining step and ite generic part number after the planned
machinincg step.

The object level of representation contains the ©pointers to the
beginnings of each of the hierarchiczlly orgenized represcntations.
Fach representation is essentially e sincgly linked list. The 1lest
entry in the first vertex structure. for example, is a pointer to
the next vertex. This is continuved until all of the structures in
the representation have been exhausted. Then, as is the common
nmethea for database processes, the pointer is NULL,



The object representation supports several representations aside
from the vertex, edge, and surface representations. While these
representations have redundant information, they accelerate the
recl-time aspects of the system. Aspects graphs (Koenderink et
al., 1979) can be used to solve the hidden surface problem off-
line. This greatly =simplifies the problem of predicting which
features should be detected by the sensors.

Another representation is concerned with features. Given a set of
objects in the robot workspace, a subset from the set of all
extractable features 1is <chosen which best differentiates the
objects. Each of the features in this set has an expected value in
"object" space. A pointer is stored to the first feature/value
pair.

Each of the other representations will be described using a
bottom-up approach. The main representations,vertex, edge, and
surface, will be described first. This will be followed by the
aspect graph and the feature representations.

The vertex representation stores a vertex number, the 3-D 1location
of the vertex, the length of the vertex, and a list of edges con-
necting to the vertex. This is shown in Table II.

The edge representation is slightly more complicated because it
stores multiple representations as well as flags which speeéd up
processing. Table III shows the contents of the representatiorn. An
edge can be represented as a "vertex" represcentation or =a
"parametric” representatiorn. The vertex representation stores the
starting and encding vertices of the edge. which can either be
straight or curved. When an edge has a vertex representaztion, it
is 1likely that information about the specific vertices will be
needed. A pointer to the information can be accessed by other
means. However, explicitly storing the vertex pointers accelerates
the data access.

There are some edges, such as drill holes; which do not have ver-
tices. In this case a parametric edge representation is more
appropriate. There are two parametric forms to describe an edge.
For edges which are first or second order curves, the easiest
parametric form is "geometric" in nature. All conic section curves
can be represented by one point, two orthorgonal unit vectors and
two scelars. llore complex curves, on the other hand, c¢an be
approximated by splines. A current research project involves
orcanizing spline representations hierarchically so that a suitable
level of representational accuracy be be used by a given module.
For example, inspection modules may recguire a great deal more accu-
racy than vision mocdules.

Table IV shows the information stored in the surface representa-
tiocn. The surface number is followec by the containment surface.
This information is usefuvl if a hole is to be represented. The
hole 1is actually considered as a surface contazined inside of



another surface.

4.2.2. INSTANCE DESCRIPTION IN THE SENSORY SYSTEN

The cgeneric object description stores the information which is con-
stant for the object in "object" space. However, a mechanisnm is
needed which describes the objects in the workspace. It would be
prohibitively expensive to store a separate representation for each
object. Conseguently, a more economical solution has been adopted.

The generic object description stores information about the part in
"object" space. The instance description provides the information
which transforms "object" space into "worlc" coordinztes. Conse-
cuently, relatively little information needs to be stored for each
instance.

Each instance of a2 generic object in the workspace 1is wunigue. It
conteins information concerning its instance number. It also
includes the time when this instance was instantiated in the
workspace and the last time it was modified. Then there are three
time/transformation pairs. A homogeneous tranformation is needed
which transforms "object" space into "world" coorcdinates. Associ-
ated with this transformation is the time when it was valid. This
is useful in predicting the location of moving objects. Some of
the changes in the expected values of the sensors occur beczuse the
sensors move with the robot. £Knowlecdge of the robot motion is suf-
ficient to predict this change. However, if the objects are also
moving, the expectations of object location must take this motion
into account, also.

4.3. IVPLEUERTATION AFD PROCESSING IF THE 3-D UCRLD LiODEL

The three dimensional world model is written in "C"™ and takes
advantage of the wuse of structures in the language. There are
several implementation considerations which effect the speed at
which the processor can supply information.

The three dimensional worlcé model has several functions which it
must perform. First, it must accept information from the factory
database which declares the parts which will be of interest during
the next task. Then, for those generic parts which are not in the
model, it must accept the model data and place into memory. The
process of placing the model into memory will be called instantia-
tion.

The speed at which information can be retrieved from the model 1is
the most important consideration. Consecquently, the models nust be
stored in memory not on disk. This obviously limits the number of
models which can simultaneously reside in memory. At the beginning
of & task, the factory database informs the sensory system c¢f the

mocels which will be used. The three dimensional worlcé model
checks to see if there is enough room to allocate space for each
mocel. If there is enough space, the model is allocated. If not,



the model searches for ol¢é information to delete before the current
model is allocated.

At any time, new instances of any of the generic part types may
need instantiation into the model. This can occur because of an
initial prediction of what is expected irn the worlé based on infor-
mation from the factory database or when a "new" part is created by
a2 machine process. Reczll that there must be a model for every par-
tially created part. It can also occur when an unknown object is
recognized. Also, when the robot moves parts out of the world,
these objects must be removed from the world model.

The 3-D world model predicts the pose of all objects in the world.
Initially, the factory database provides an initial estimate of the
pose. This pose is updated by the data processed from the sensors.
Since eeveral pose matrices with the time at which they were valid
are stored in the inctance representation, it is possible to
predict the new pose taking both the object and robot motion into
account.

The 3-D world model also predicts the features of the workspace.
These are the features which are matched with the empirical
features extractecd from the sensory data. 1In orcder to do this, the
3-D world model must determine which features are occluded. This
is done using the aspect graphs to determine self-occlusion, i.e.,
the object itself occludes the projection of & feature. It also
reguires the octree to obtain the spatial relationships between
objects so that occlusion of features by other objects is taken
into account.

2. DISCUSSION

One of the main applications for representing solids is in the
Gevelopment of CAD descriptions of solids. There are many systems
available which interactively create part descriptions. These
include Computervision, Synthavision, McAuto, PADL, etc. In most
cases, the goal of the system is to create a part description which
is sufficient to manufacture the part. Since there is human
interaction, the speed of the processing is not crucial. It only
needs to be rapid enough so that the operator does not experience
annoying delays. The requirements for the MBS sensory system are
guite different. The "other user" is a computer not a person. The
rate at which data can be accessed determines the servo rate of the
system, i.e., the rate at which the sensory system can servo th

mocdel of the workspace to the actual condition of the workspace.
The model always lags in time. A repid servo rate ensures that the
3-D mocGel represents the nature of the workspace in the not too
distant past.
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Badler et gl., (1978) were concerned with the representation of 3-D
objects for computer craphics and computer vision applications. It
was clear that the choice of representation and the intended appli-
cation were strongly coupled. Each representation had particular
advantages and it woulcd «clearly be desirable to convert cne
representation into another. Unfortunately, many of these conver-
sions were not obvious. 1In their paper, the authors discussed many
of the alternative representations but drew no conclusions about
the best set of representations for a systen.

Aggarwal et al., (19€l) discussed methods for representing 3-D
objects for computer vision. They discussed both the methods for
acquiring 3-D data and the ways 1in which the objects can be
represented. Representations were divided into two brozd classes:
"object centered" representations and "observer centered" represen-
tations. Most methods which acquired 3-D data, such as laser scén-
ning, photometric stereo, etc., employed "observer centereg"
representations. However, most so0lid modelling methods, such as
CSG or boundary representations employed "object centered"
representations. They recognized the need for efficient converesion
between the two representations before a complete system can. be
developed but they did not supply a method for the convercsion. The
NBS sensory system bridges these two representations by using the
generic object concept as the "object centered" representation and
the instance concept as the "observer centered" data.

Recently. Shapiro et al., (1984) presented &a hierarchical rela-
tional model for part inspection. After the part is placed in &
jig, vision ancd tactile sensorc perform measurements for c¢uality
control. This 1is similar to the NBS sensory system in two ways.
The system employs several sensors and uses a boundary representa-
tion. However, there are several major differences. Firet, the
description is not adaptive. If the part is slightly misaligned,
it is not clear how the system can correct itself. The }NBS sensory
system, on the other hand, is constantly servoeing the model with
the empirical data obtained from the sensors. Second, the system
can only work with known parts. The MBS system 1is capable of
representing unknown parts. Third, it is not clear how rapidly the
system can access the data stored in the database. One of the major
objectives of the MBS system is real-time operation.

6. COLCLUSIONS

A representation for the 3-D workcpace of & robot has been
presented which combines a verbose boundary representation with an
instance representation. The 3-D model precdicts features about the
wvorkspace. It then rrojects these features to 2-D where thcy are
matched with sensory data. In this way, the sensory system employs

11



model-driven processing to keep the 3-D model of the workspace in
registration with the true nature of the workspace.
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Table I ~- Object representations

1. generic part number
2. o0lc generic part number
previous processing identity

3. new generic part number

identity after current operation
. number of instances in the world
. pointer to a linked list of instance

information

6. number of vertices
7. pointer to a linked list of

vertex representations
€. number of edges

9. pointer to a linked list of
edge representations

1C€. number of surfaces

11. pointer to a linked list of
surface representations

12. number of aspect graphs

13. pointer to a2 linked list of
aspect graph representations

14. number of features

15. pointer to a linked list of
features

16. pointer to the next object
in the world

Takle II -- Vertex Representation

1. vertex number

2, 3-D location (x,y.,2)

3. pointer to linked list of edges
which connect to this vertex

4. pointer to the next vertex rep
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Table I11 -- Edge Representation

1. edge number

2. type of representation
VERTREP -- vertex rep
PARAREP -- parametric rep

3. shape of edge -- STRAIGHT or CURVED
4. starting vertex (if using VERTREP)
5. ending vertex (if using VERTREP)

6. pointer to starting vertex rep
(if using VERTREP)

7. pointer to ending vertex rep

(if using VERTREP)
8. edge length
9. pointer to geometric PARAREP
10, pointer to spline rep of edge
11, pointer to surface left of edge
12. pointer to surface right of edge
132. angle between adjacent surfaces
14. pointer to the next edge rep

Table IV -- Surface representation

. surface number
. containment surface

useful for hole representation
type of surface--SOLID or HOLE
shape of surfeace--PLANIAR or CURVED
reflectance
surface area
pointer to the surface normal

(for PLANAR surfaces)

oYUt w LS

8. number of bounding edges

9. pointer to linked list of edge
numbers which bound the surface

19. pointer to geometric surface rep

11. pointer to parametric surface rep

(bicubic b-splines)

12. number of holes in this surface

13. pointer to a linked list of holes

l14. pointer to the next surfece rep
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